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1 INTRODUCTION

There are many sources that can limit the usefulness of dynamic measuremens, including
detector noise, amplifier noise and various background environmental noise sources. Other noise can
be generated system wide where high gain is required, such as 1/f noise in m gravity (pg) measure-
ments, It is characterized by noise that falls off at approximately six dB3 per octave, which is arate
inversely proportiona to frequency. An apparent noise source, which can be similar in appearance,
iISDC leakage into the lower frequency side lobes of each filter bin which isafunction of the side
lobes in the weighting function. A judicious choice of processing parameters can suppress the data
artifacts and enhance data signal to noise ratio and resolution. This paper addresses these two and
other processing parameters and shows how data can be improved when processing both static and
fractional Hz dynamic signals in the same data, where capacitive coupling is inappropriate.

1/f random noise (as opposed to DC leakage) is independent of the desired signal and is unique
to each data channel, in other words, is incoherent with 1/f noise in other data channels, Bv using the
intrinsic 1/f noise incoherence of two data channels for acquiring and processing data at lower
frequencies and amplitudes, useful data can be obtained where they were hidden by conventional data
processing methods, |/f noise can be further minimized in the lowest frequency bins by choosing
weighting. functions with the lowest side lobes. DC leakage noise is coherent by definition, and can
bc minimized by developing more accurate and stable DC compensation signal conditioners.

The data presented in this paper isillustrated using accelerometers sensitive taug sources. The
technique applies to any type of very high gain, low and fractional frequency transducer and signal
conditioner system.

2 BACKGROUND

This paper was started comparing power spectral densities (PSDs) derived from coherent
output power (COP) vs. cross Spectral density (CSD), and then grew to include other artifacts. COP
derived PSD's are deficient in their ability to properly define the PSI) as described in the appendix,
atechnical note on the subject. The only condition that provides a valid COP derived PSD is where
incoherent input and transducer noise is non-existent and since the object isto suppress incoherent
noise, the COP should not be used to process data for PSDs. The coherent signa will be corrupted
by any incoherent input and transducer noise. COP is gaining wider use, however it is subject to
misuse by all but the most knowledgeable who fully understand, recognize, and have the ability to
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correct or compensate for the influence of noise sources, reverberation eflects, input-outpwt lime delay
errors/feedback/non-lincarities, interference, correlation effects, common source periodicities, and
statistical sampling errors. These influences and COP in general are discussed in depth in Reference
1. iis strongly suggested reading for those who perform and use COP processed data.

Allan Piersol prepared the appendix for me to verify my original concern abet.n the COP
method which has been used at other facilities. It mathematically proves the validity of CSD derived
PSD's described in this paper and verifies 1/f noise suppression using Cross spectral density techniques.
For a full understanding of the concept, it is essentia to read the appendix before continuing.

3 DATA ACQUISITION ANI) PROCESSING SYSTEMS

Commercial high sensitivity servo-accelerometers were purchased and commercial signal
conditioners were developed to buck out the earth’ s gravitational field. At the same time a unique-JPL
seismic isolation system was developed (Figure 1). Data acquisition and processing systems were
assembled (Figures 2 and 3) and the data in Figures 4 through 12 are the resuilt,

Two Sundstrand model QA 3000-20 accelerometers were mounted adjacent to each other on
ametal plate placed on the platform of a JpL designed seismic isolation system (see Figure 1). One
accelerometer could have been mounted on top of the other, but it would require fabricating a specia
mounting block, and the data wave length of interest is long compared to the dimensions of the test
transducers. Only negligible errors are expected from this arrangement, The net suspension is

composed of bungee cord. The system is relatively soft in the vertical direction and relatively stiff
horizontally.

Seismic accelerations transmitted through the seismic isolation system were measured in the
test. Two new design Dynamics (division of Waugh Controls) signal conditioners, model 7600A, were
used to condition and provide the very high gain necessary to obtain a usable signal, The signal condi-
tioners have the advantage of automatically compensating for the earths gravitational field when
calibrating and making microgravity (ug) measurements in the laboratory. Use of this technique is not
restricted to the laboratory, however, and may be used in other applications. The data acquisition
system included Precision Instruments elliptic anti-aliasing filters, model 6612A-B-1.P8, and a Visidaq
model HP64 analog to digital converter (ADC) and storage system as shown in Figures 2 and 3. Data

were processed in a Sun Work Station data system using Synergistic Technology’s“VAMP’ software
package.

4 |/F NOISE AND WEIGHTING FUNCTION COMPARISON

41  |/FPSD NOISE. Power spectral densities were plotted for the two accelerometer channels
(Figures 4A and B) using a Harming weighting function whose first lobe is 32 dB below the peak.
Both plots show a seismic frequency at 0.742 Hz and identical amplitudes. As expected, comparison
of the two PSD channels reveal different amplitudes and some frequency distribution differences in
the frequency range of the |/f noise, but not in the frequency range of the seismic data signal.




A slight differencein the measured overall root mean square(RMS) amplitudes (channel 1:
4,969 pg’Hz and channel 2:4.933 pg¥Hz) can be attributed to these same differences in the I/f noise
for each channel. These differences are caused by imperfect gravitational field zeroing and less than
infinite averaging, in the two channels in this region, Increasing the number of averages should increase
the incoherent I/f noise suppression

I/f noisein channel 1 is greater than channel 2 as shown by comparing Figures 4A and B. An
examination of Figures4D E and F clearly demonstrate |/f noise incoherence. In the 1/f frequency
range, the magnitude of the frequency response function (commonly referred to as the transfer
function) approaches zero and fluctuations in phase response, indicate incoherency. The only rea
proof is shown by the coherence function, which approaches zero. If the coherent seismic signal were
not present to mask it, these data could show incoherenceto perhaps 2 Hz or higher.

42  1/F PSDs FROM CSDs. This section shows how reduction of 1/f noise is obtained by use
of the CSD to obtain the PSD. This is a feature which demonstrates two important attributes of this
technique: 1/f noise is minimized as expected, and the use of the CSD to obtain the PSD does not
affect the desired coherent signal. In order to maximize I/f noise suppression, the number of averages
should be increased. Overlapped processing can be used to reduce data acquisition time at these low
frequencies but there is a price to pay and the pro’s and con’s are discussed in section 4.4 of this paper.

When two transducers measure the same dynamic excitation at the same location, the
magnitude of the CSD derived PSI) isidentical to a PSD from a single transducer. Assuming no
extraneous noise, the appendix defines the CSD and coherent output power (COP) and their ability
to provide a meaningful 1/f noise suppressed PSI) while a valid PSD is obtained for the desired
coherent signal. Figure 4C is a plot of the CSD derived PSD from the same time history as the PSD's
in Figures 4A and B.CSD 1/f noise reduction is greater than one decade below the PSD for channel
1 noise and approaches a decade below channel 2noise. If the seismic signal at 0.742 Hz were not
present it is expected that the data would show I/f noise to continue dropping off at the same approxi-
mate rate of six dBB per octave to perhaps 2 Hz where intrinsic system noise would mask I/f noise. If
data acquisition time of the two channelsis insufficient, the result is only partial 1/f noise com-
pensation. This can be seen by examining I/f noise in Figures 4A andB and noting that only partial
noise suppression has been achieved in the PSD derived from the CSD in Figure 4C. Increased
averaging time should improve incoherent noise suppression.

Further evidence of incoherence in the CSD 1/f noise is displayed by Figures 4D, E, and F.
Figure 4D is the frequency response function magnitude which is lower in the frequency range of the
I/f noise than either single channel derived PSD. Figure 4E is the frequency response function phase
between channels 1 and 2. Phase exhibits wild fluctuations in the range of 1/f noise because of it's
incoherence. Figure 4F is the coherence function which is significantly reduced in the same range and
proves incoherence. Figures 4D, E, and F verify the incoherence of I/f noise in the two data channels
and proves the validity of this technique.

43  EFFECT OF DIFFERENT WEIGHTING FUNCTIONS. The datain Figures 4A through
F were processed with a Harming weighting function whose first lobe is down 32 dB from the peak
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of the frequency bin, and each successive lobe falls off at arate of 18 dB per octave. Figures 5A, B
and C are the same data as Figures 4A, 13 and C except a Kaiser-Bessel weighting function was used,
whose first Side lobe is at least 70 dB below the peak of the frequency bin. Figure 5C shows the PSD
using the CSD technique and Kaiser-Bessel weighting, This window is the only one in the VAMP
system which can show the effect of lower side lobes on the slope of |/f noise. Unfortunate] y, the
Kaiser-Bessel weighting function leads to a wider noise bandwidth than the Harming weighting
function, thus reducing it’s ability to resolve fine data structure. Using a boxcar weighting function
(actualy, no.weighting at all) as a reference, the Hanning function noise bandwidth is 1.5 times the
boxcar weighting function, while the Kaiser-Bessel is 1.8, Other weighting functions might prove to
be a better choice. In spite of the wider noise bandwidth of the Kaiser-13 essel weighting function, the
significantly lower side lobes provides a marked improvement in incoherent 1/f noise suppression
compared to Harming weighting.

An examination of all plots comparing I/f noise in the same frequency range, time frame; and
filter bandwidth (Figures 4 and 5, and Figures 6 and 7) shows that the coherent seismic signal at 0,742
Hz remains unchanged while the incoherent I/f noise is suppressed. This clearly demonstrates that
incoherent Noise is reduced, while the coherent signd is unaffected when obtaining the PS> from the
CSD. Serious erroneous decisions can be made if the COP is used to produce the PSD.

A comparison of CSD weighting function data shows the I/f noise slope beyond the first filter
bin is steeper with a Kaiser-Bessel weighting function than with the Harming weighting function
(compare thelevels at 0.02 Hz in Figures 4C and 5C) which indicates that some of the noiseis due
to leakage of the DC component into the lobes of adjacent filter bins. The only way to differentiate
between the obvioudy coherent DC leakage in the low frequency lobes and the incoherent |/f noise
is with the coherence function (Figures 4F and 5F). The higher side lobes of the Harming weighting
function cannot suppress the |/f noise as efficiently as the Kaiser-Bessel weighting function. Weighting
functions with the lowest side |obes must be used to obtain maximum suppression of incoherent I/f
noise,

The greater CSD coherence at frequencies close to DC with a Kaiser-Bessel weighting
function (compared to the Harming fiction) substantiatesthe premise that this datais not solely due
to I/f noise, but is aso a function Of DC noise |leakage into the side lobes of the lowest frequency bins.
If |/f noise were to continue to DC, the noise would be afunction of 1/0 Hz, or infinite. Since this
obviously does not occur, at some point I/f noise can beassumed to have a“knee” where itfalls off
as zero Hz is approached. Evidence of this “knee” can be seenin Figures5 and 7A, 13, and C. A
narrower bandwidth analysis than is available at JpI, is desirable to pursue this to lower frequencies,
Theoretically, |/f noise can reach O Hz, but this concept applies to obscure examples and does not
apply to concepts in this paper. See Reference 2 for more information,,

Noise which has historically been described as |/f noise is shown in this data to be a combin-
ation of |/f noise and DC leakage into filter bin side lobes even when a very small DC component
exists. |n the unlikely event that the DC component is non-existent, leakage will not occur. DC leakage
can occur not only from a gravitational field, but also from signal conditioning bias. An examination
of the coherence function of Figures 5 and 7F indicates that the 0.0025,0.005, and 0.0075 Hz freg-




vency bins all have a coherence of 1 which is due to DC leakage, while the frequency bin at 0.01 Hz.
drops to approximately 0,26 where the slow decreases rapidly due i/f noise incoherence. Compare
the coherence functions of Figures 4F and SF to see the effect different weighting functions have on
what has traditionally been thought to be all I/f noise. DC leakage noise can be reduced if better and
more stable NDC compensation of signal conditioners can be achieved, Unfortunately, present
economic conditions precludes funding the development of more accurate and stable DC
compensation signal conditioners by JPL. We are grateful for the development of gravity compensated
signal conditioners by Dynamics | nstruments, which made data acquisition for this paper possible.

44  EFFECTS OF OVERLAPPED PROCESSING. Figures 6 and 7A through ¥ show the
results of Harming and Kaiser-Bessel windows and 75' %0 overlapped processing, The PSDs appear
similar to those in Figures 4 and 5A, B, and C but there are some differences in the 1/f noise reduction
in the overlapped single channel PSD and PSD)'s obtained from the CSD. Since the time period of the
overlapped processing is 1/4 that of the non-overlapped processed data, this can be an artifact of the
difference in processing time and random system noise fluctuations.

Thisillustrates another important data artifact, While the number of data samplesis the same
for n= 100 of the non-overlapped data as compared to the 3/4 overlapped data (Figures 4 and 6A
through F), the overlapped time history is processed over only 1/4 of the non-overlapped time history.
Data smoothing is equivalent, but since time in the formulafor the number of statistical degrees of
freedom (n = 2Bt) isafunction of the length of the data sample, statistical confidencein the datais
only 1/4 that of non-overlapped data, or n = 25. As aresult, one should not expect the data to be
identical.

When Figures 7A through F are compared with Figures 5A through y: (both with Kaiser-
Bessel weighting functions), similar differences can be observed,

5 EFFECTS OF RESOLUTION BANDWIDTH ON L.LOW FREQUENCY DATA.

All figuresin this paper show digital data from the same start time. Figures 4 and 5 cover the
same time durations, but the remaining figures are for shorter times due to their overlapped processing
or wider frequency resolution, Note that the filter bandwidth of each plot is resolution bandwidith, not
noise bandwidth, which is wider. As the filter noise bandwidth increases, details of fine data structure
is lost because more peaks can be hidden within a single frequency bin. This practice makes the data
look smoother, but hides it’s true nature and makes narrow resonances appear wider, Data should be
processed with anoise filter bandwidth at least 1/4 the data resonance bandwidth to properly resolve
the data resonance,

These phenomena can plainly be seen by comparing the PSD's of Figures 4, and 5 A, B, and
C with the progressively greater noise bandwidths as found in Figures 8A, B, and C through 12A, B,
and C! with resolution bandwidths varying from 0.005 Hz to 0.1 Hz. The most dramatic comparison
isto follow the resolution loss in the 0.745 Hz resonance peak from Figures 4 and 5 with the
resolution in Figures 8 through 12 and the loss of fine resolution between 5 and 10 Hz in Figures 10,
11, and 12. Thisis particularly troublesome for dynamicists performing modal analyses.
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6 COMMENTS AND CONCLUSIONS.

pg and similar high sensitivity and low and fractional Hz data should be processed with the
narrowest frequency resolution consistent with available time constraints, weighting functions with the
lowest side lobes, and PSDS cal culated fromthe magnitude of the cross spectral density.

The data indicates that small DC leakage into the first frequency bin also leaks into the adjacent
fiker bin skirts causing the inverse relationship between frequency and magnitude close to the lowest
frequency as seen in the CSD plots (Figures4C and 5C). The. inverse relationship of noise and
frequency indicates that thisis true because of the increase in coherence at the lowest frequencies. If
0, noise close to DC maybe lowered by a more accurate and stable DC compensation of the signal
conditioners. The high coherence in the first three filter bins with Kaiser-Bessel weighting supports
the theory that noise is also caused by DC leakage into the lobes of the filter bins, in addition to 1/f
noise.

Weighting functions should bc examined and tested to minimize 1/f noise into the lowest filter
bins. Different weighting functions may increase noise filter bandwidth by different amounts in
addition to lower side lobes and some compromise may be in order to obtain optimum results.

The datashows thattraditionally considered I/f noiseis actualy acombination of I/f noise and
DC leakage into the lowest filter skirts. The slope of DC leakage noise can approximate the slope of
11 noise, but can also deviate from a l/f slope. The slope of DC |eakage noise is “a function of the
amplitude of thefirst lobe and the slope of the filter skirts, which are aresult of the weighting function
(compare Figures 4C with SC and 4F with 5F).

If CSD data channel |/f noise averages can be increased a greater |/f noise reduction should
be attained than that in Figures 4C and 5C. The data, however, proves the validity of the technique.

An examination of PSD and CSD data processed under the same parameters shows the
coherent seismic signal obtained from the CSD to remain unchanged while the incoherent |/f noise
Is suppressed. This clearly demonstrates that incoherent noise is reduced, while the coherent signal is
unaffected when obtaining the PSD from the CSD.

The length of data time required to process fractional Hz data can be prohibitive and
overlapped processing can be a viable aternative. However, it should be remembered that statistical
confidence is compromised.

The processes shown in this data promises to make extremely small and greater sensitivity
(precision to 10-s pg) miniature accelerometers, currently under development at JPL, significantly
more useful at frequencies below 2 Hz and very low magnitudes. Because of their small size and
weight (estimated to be a few grams) a second transducer does not significantly add to the mass and
stiffness of the item under test, compared with using single traditional transducers to obtain the PSD.

In fact, the effect of using two miniature transducers on mass and stiffness will be less, compared to
using the heavier single servo-accelerometers used in past years,
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APPENDIX

SUPPRESSION OF NOISE INPOWER SPECTRA MEASUREMENTS USING TWO
TRANSDUCERS
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SUPPRESSION OF NOISE IN POWER SPECTRA MEASUREMENTS
USING TWO TRANSDUCERS

Assume an environmental signal u(t) is measured using two identical transducers mounted side-by-
side so that both transducers measure u(t) precisely. Further assume both transducer signals are
contaminated by extraneous instrumentation noise such that the actual measured signals from the
two transducers are

x(t) = u(t) + m(t) ; y(t) = u®+ n() (1)
Finally, assume the instrumentation noise signals m(t) and n(t) are statistically independent of the
environmental signal u(t), as well as one another (thisis generally a valid assumption as long' as the
instrumentation noise is not “microphonics’ in nature). The power spectra for x(t) and y(t) are
given by
Gxx(®) = Guu(®) + Gum() 5 ny(f) = Guu(® + Gpn() (2)
andfrom [1, p. 77], the cross-spectra density function between x(t) and y(t) is given by
Gixy(f) = Guu(f) + Gun(f) + Gu(D) + Gri n(f) (3
However, under the stated assumptions,

Gin(f) = Gum(f)= Gin(f)= O (4)

Hence, the cross-spectral density function between the signals x(t) and y(t) reduces simply to the
power spectral density function of the environmenta signal u(t); i.e.,

Giy() = Guu(D) ()

Thisis the basis for the common experimental procedure of making measurements with two
closely spaced transducers to obtain noise-free power spectra estimates of an underlying signal:

Now consider the case where the coherent output power spectrum of y(t) on x(t) is computed by

Gy:x ()= Y2y Gyy() (6)




From [1, p. 181], it follows that

2 2
Gy:x(f) = 1GayD|? ___ |Gl ___Gu®
70 Gxx(£) Gyy(D) OnyD Guu(®) + G | | Cmm(®) ™
Gu(f)

It is clear from Equation (6) that Gy.x(f) # Gyuu(f) except for the special case where Gmm(f) = O.
Hence, under the stated assumptions, the coherent output power computation does not provide a
meaningful quantity.

Reference

1. Bendat, J. S., and Piersol, A. G., Random Data: Analysis and Measurement Procedures, 2nd
edition, Wiley, New Y ork, 1986.
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Figure 1C. Acclcoeter Mounting Details
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